Abstract: The lipid and fatty acids of the Pacific oyster, Crassostrea gigas, collected both in Japan and France, were analyzed. Triacylglycerols and sterols were the major classes in the neutral lipids of both populations of C. gigas between the two countries, and they had signifi cant levels of phospholipids (phosphatidylethanolamine and phosphatidylcholine) with ceramideaminoethylphosphonate in their polar tissue lipids. The differences of 18:3n-3 and 22:6n-3 (docosahexaenoic acid; DHA) levels in the depot triacylglycerols suggest the infl uence of dietary phytoplankton in different environments of the two countries. Although the levels of the fatty acids slightly differed, that of 20:5n-3 (icosapentaenoic acid; EPA, 20.5-24.8%) in the triacylglycerols was specifi cally the highest fatty acid in all the samples. The major polyunsaturated fatty acids in the polar lipids of all samples were EPA (13.2-17.8% for phosphatidylethanolamine and 13.4-22.7% for phosphatidylcholine) and DHA (18.9-26.8% for phosphatidylethanolamine and 13.1-22.5% for phosphatidylcholine). The fl uctuation of total PUFA levels in the polar lipids between samples of both countries suggests the infl uence of diet. In addition, the consistently high EPA levels in the phospholipids may compensate for the variation in DHA levels.
INTRODUCTION
With respect to the Ostreidae family, the same species, Crassostrea gigas, is known in both Japan and France; this is economically the most important aquacultured shellfi sh species in both countries. The Pacifi c oyster in the Atlantic Ocean was brought from Japan to France about 30 years ago after the extinction of the flat oyster Ostrea edulis in France, has subsequently adapted in the Atlantic Ocean and its distribution has independently expanded [1] [2] .
Many papers have reported on the biological and ecological aspects, and have gradually determined the chemical components in the oyster tissues, such as glycogen 3 and amino acids 4 . However, there is as yet little comparative study of C. gigas under the different environmental conditions between the two countries.
There are many reports about the chemical components of pelagic seawater fi shes, in particular, on the fatty acids of fi shes, with growing recognition of the benefi cial uses of dietary fi sh oils for humans [5] [6] . As for the detailed fatty acid determination of bivalve species, little information has been available on the detailed composition of scallops Placopecten magellanicus 7 and Pecten maximus [8] [9] , and the pearl oyster Pinctada fucata martensii 10 . In partic-ular, few reports have made a detailed analysis of the fatty acid composition of the respective lipid classes for the Pacific oyster C. gigas [11] [12] [13] [14] [15] [16] [17] , the European flat oyster O. edulis [18] [19] [20] [21] , and the American oyster Crassostrea virginica [18] [19] .
Therefore, the present study was designed to carry out a detailed analysis of the lipid and fatty acids of the oyster collected in Japan and France, by clarifying the infl uence of diet in the two countries. Because the oyster is an important marine resource that is utilized both in Japan and France as healthy food, it is aquacultured in many areas in both countries. In addition, the relationship of diet to the lipids is discussed to estimate the environmental infl uence of the two countries and the nutritional difference.
MATERIALS AND METHODS

Materials
The samples of C. gigas are listed in Table 1 . 
Lipid extraction and analysis of lipid classes
All Japanese live samples, were sent at 5 to the laboratory within one day after collection and each was immediately immersed in a chloroform and methanol mixture. As for the French samples, the lipids of eight live samples from Brittany and eight from Normandy sample No. 1 and 3 were immediately extracted at Brest. The other eight live samples No. 2 and 4 were brought to Japan. Each individual was homogenized in a chloroform and methanol mixture 2:1, v/v after four days, and a portion of each was extracted according to the Folch procedure 22 . Each crude total lipid was separated into classes on silicic acid columns Merck and Co. Ltd., Kiesel gel 60, 70-230 mesh , and quantitative analysis of the lipid constituents was performed using gravimetric analysis of fractions collected from column chromatography. The first eluate dichloromethane/n-hexane, 2:3, v/v was collected as steryl ester, wax esters, and diacylglyceryl ether fraction. This was followed by eluting the triacylglycerols TAG with dichloromethane, eluting the sterols with dichloromethane/ether 35:1, v/v , eluting the diacylglycerols with dichloromethane/ether 9:1, v/v , eluting the free fatty acids with dichloromethane/methanol 9:1, v/v , eluting the phosphatidylethanolamine PE with dichloromethane/methanol 1:5, v/v , eluting the ceramide aminoethyl phosphonate and other minor phospholipids with dichloromethane/methanol 1:20,v/v , and eluting phosphatidylcholine PC with dichloromethane/methanol 1:50, v/v 10 .
Individual lipids from each lipid class, such as the phospholipids, were qualitatively identified with standards by comparing the Rf values using thin-layer chromatography Merck and Co. Ltd., Kieselgel 60, thickness of 0.25 mm for analysis 23 , and the characteristic peaks using nuclear magnetic resonance NMR . All sample lipids were dried under argon at room temperature and stored at 40 .
2.3 NMR spectrometry and the determination of lipid classes Spectra were recorded on a GSX-270 NMR spectrometer JEOL Co. Ltd., Tokyo, Japan in the pulsed Fourier transform mode at 270 MHz in a deuterochloroform solution using tetramethylsilane as the internal standard 10 .
Some fractions often contained several classes; for instance, the 1st fraction contained wax esters, steryl esters, and diacylglyceryl ethers. The molar proportions of wax a Results are expressed as mean ± standard error (n =8-31).
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esters, diacylglyceryl ethers, and steryl esters were determined by quantitative analysis of NMR. In NMR 1 , the amount of wax esters is obtained by the total amount of the combined integrations of a triplet peak from 3.90 to 4.20 ppm as two protons in the ester alcohol, and 2 that of diacylglyceryl ethers are revealed by a singlet peak 3.50-3.80 ppm as two protons in the glycerol carbon linked with alkenylethers, and 3 that of steryl esters are revealed by a multiplet peak 4.30-4.80 ppm as one proton in the carbon linked with esterized C-3 alcohol of steryl esters. The actual proportions of wax esters, diacylglyceryl ethers, and steryl esters in the 1st fraction were determined by the respective integrations divided by the sum of total integrations of the three combined peaks from 3.50 to 4.80 ppm. The actual weight of each class was obtained by calculating the proportion and multiplying by the total weight of the 1st fraction. Similarly, the 3rd fraction sometimes contains TAG and sterols, and has two characteristic peaks; for TAG 3.90-4.40 ppm , as an octet-like peak for four protons, and for sterols 3.40-3.60 ppm , as a multiplet peak for one proton. The actual respective weight of TAG and sterols in the 3rd fraction was obtained by calculating the integration of divided respective peak and multiplying the total weight of the 3rd fraction 24 .
2.4 Preparation and gas-liquid chromatography of methyl esters The TAG, PE, and PC fractions were converted to fatty acid methyl esters by direct trans-esterifi cation by boiling methanol containing 1 concentrated hydrochloric acid under reflux for 1.5 h, as previously reported 23 . These methyl esters were purifi ed using silica gel column chromatography by elution with dichloromethane/n-hexane 2/1, v/v . The composition of the fatty acid methyl esters was determined by gas-liquid chromatography. Analysis was performed on Shimadzu GC-8A Shimadzu Seisakusho Co. Ltd., Kyoto, Japan and HP-5890 Yokogawa HP Co. Ltd., Tokyo, Japan gas chromatographs equipped with an Omegawax-250 fused silica capillary column 30 m 0.25 mm i. d.; 0.25 μ m film, Supelco Japan Co. Ltd., Tokyo, Japan . The temperatures of the injector and the column were held at 230 and 215 isocratic , respectively, and the split ratio was 1:76. Helium was used as the carrier gas at a constant inlet rate of 0.7 mL/min.
Quantitation of individual components was performed by means of a Shimadzu Model C-R3A Shimadzu Seisakusho Co. Ltd., Kyoto, Japan and HP ChemStation System A. 06 revision, Yokogawa HP Co. Ltd., Tokyo, Japan electronic integrators.
Preparation of 4,4-dimethyloxazoline derivatives
DMOX and analysis of DMOX by gas chromatography-mass spectrometry GC-MS The DMOX derivatives were prepared by adding an excess amount of 2-amino-2-methyl propanol to a small amount of fatty acid methyl esters in a test tube under an argon atmosphere. The mixture was heated at 180 for 24 h. The reaction mixture was cooled, poured into a saturated brine and extracted three times with n-hexane. The extract was then washed with saturated brine and dried over anhydrous sodium sulfate. The solvent was removed under reduced pressure and the samples were again dissolved in n-hexane for analysis by gas chromatography/mass spectrometry 10, 24 .
Analysis of the DMOX derivatives was performed on HP G1800C GCD Series II Yokogawa HP Co. Ltd., Tokyo, Japan and HP 5973N Agilent Technologies Co. Ltd., Yokogawa Co. Ltd., Tokyo, Japan GC-MS equipped with the same capillary column for determining the fatty acids with the HP WS HP Kayak XA, G1701BA version, PC workstations and MSD ChemStation G1701CJ . The temperatures of the injector and the column were held at 230 and 215 isocratic , respectively. The split ratio was 1:76, and the ionization voltage was 70 eV. Helium was used as the carrier gas at a constant inlet rate of 0.7 mL/min.
Fatty acid methyl esters were identifi ed by comparison of methyl ester and DMOX derivative mass spectral data obtained by GC-MS 24 
Statistical analyses
For all samples for the fatty acid determination of GLC, more than eight replications n 8-17 were made. Significant differences in the data of total saturated fatty acids, total monounsaturated fatty acids MUFA , total n-6 PUFA, total n-3 PUFA, EPA, and DHA of the classes TAG, PE, and PC of samples 1 to 4 and 5 to 8 were determined using Student s t-test at a significant level of P 0.05 the footnotes in Tables 3-5 .
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3 RESULTS AND DISCUSSION 3.1 Lipid content of the oyster C. gigas at four different localities in Japan and France The biological data of the C. gigas are listed in Table 1 . Total lipid content is shown in Table 2 with lipid class. The content was between 0.8 and 1.5 of the wet weight of the soft parts; all mean lipid content was low. Therefore, the low nutritional conditions of the examined samples are similar to each other between the two different countries and the content was typical for this species 12, 16 .
Lipid classes in the total lipids of C. gigas
The lipid classes of C. gigas among the four different areas Brest and Normandy in France and Yamada and Akkeshi in Japan are shown in Table 2 . In all samples, TAG 35.2-65.9 of total lipids; TL and sterols 7.3-19.5 of TL were the major components in the neutral lipids, with low levels of wax esters 0.0-0.2 of TL , steryl esters 2.0-4.0 of TL , diacylglyceryl ethers 1.1-4.0 of TL , diacylglycerols 1.0-2.2 of TL , and free fatty acids 2.7-8.1 of TL . Although the French samples were collected in the same season, the TAG content slightly fl uctuated between 35-44 samples 1 to 4 as individual variation. In the polar lipids, the species has signifi cant levels of phospholipids PE; 5.5-12.2 of TL and PC; 6.5-12.8 of TL with noticeable levels of ceramide aminoethyl phosphonate 3.9-11.4 of TL . In all samples, low levels of free fatty acids 2.7-8.1 of TL were found and this suggests that all samples were live or fresh, because live and fresh cell samples do not have any free fatty acids, which are poisonous for cells 26, 27 and generate after degradation of lipids by enzymes such as phospholipase in the dead cells. The lipids mainly contained glycerol derivatives TAG, diacylglycerols, free fatty acids, PE, and PC and the total proportion of these derivatives reached about 67.8-81.9 , with low levels of other depot lipids, such as wax esters and diacylglyceryl ethers. Medium levels of sterols 7.3-19.5 were found, and the sterol fractions were considered to contain several kinds of sterols by NMR analysis, which displayed at least two singlet peaks of C 18 positional methyl moieties of sterols.
The levels of TAG in the Japanese samples samples 5 to 8; 52.2-65.9 were comparatively higher than those in the French ones samples 1 to 4; 35.2-43. 4 . Similarly low levels of TAG in a similar-size sample 8 52. 2 , which was collected in the same season as the French samples, were observed; however, a trend of high TAG levels in the Japanese samples was generally found. The oyster might be influenced by different environments, such as nutritional conditions, and influenced by trophic phytoplankton [28] [29] [30] .
The higher TAG content in the Japanese samples may be due to high nutritional levels, which are closely related to the higher quantities of dietary phytoplankton in the Japanese fi elds compared to those in the French fi elds Tables  1 and 2 28-30 . Tables 3-5 , the major fatty acids are selected, if at least one mean datum was detected at a level of 0.3 or more of total fatty acids. c The levels of total monoenes, n -6 PUFA, and DHA (22:6n-3) signifi cantly differ between the French (samples 1 to 4) and Japanese samples (samples 5 to 8).
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Fatty acid composition in depot TAG in C. gigas and relationship with dietary phytoplankton lipids
The fatty acids in TAG more than 0.5 of total fatty acids; TFA are shown in Table 3 . More than 50 kinds of fatty acids were determined in TAG and phospholipids Tables  3-5 , and the wide range of fatty acids detected in the lipids of C. gigas were probably caused by its fi lter feeding in which various planktonic organisms and detrital organic matters are ingested, similar to other phytoplankton feeders, such as scallops P. magellanicus 7 , P. maximus [8] [9] , and a pearl oyster P. fucata martensii 10 . The small difference 6. as n-3 PUFA, with significant levels more than about 1 of TFA of nine fatty acids: 17:0 as saturated fatty acids, 20:1n-7 and 20:1n-13 as MUFA, 20:2n-7,15 Δ5, Δ13 and 22:2n-7,15 Δ7, Δ15 as non-methylene interrupted dienoic fatty acids NMID , 18:2n-6 linoleic acid , 20:4n -6 arachidonic acid, ARA and 22:3n-6,9,15 as n-6 PUFA, and 18:3n-3 linolenic acid as n-3 PUFA. In particular, the level of EPA was the highest of all the fatty acids in TAG samples 1-8 , and this phenomenon differed from those of other bivalve species, such as P. fucata martensii 10 , which contains various levels of EPA, with ARA and DHA in TAG. Compared with the feeding habit of P. fucata martensii, that of C. gigas, such as dietary phytoplankton, might be selective and limited 28 . In all C. gigas TAG, markedly high levels of EPA were observed with signifi cant levels of 18:4n-3 and DHA in all four different areas in the two countries. The high levels of EPA in TAG are probably due to the infl uence of specifi c dietary lipids, which contain high EPA levels 28 . Some phytoplankton, in particular, diatoms Bacillariophyceae , have markedly high EPA content more than 20 of TFA 11, 15, [31] [32] [33] .
For example, various diatom species were found as C. gigas main dietary phytoplankton at Akkeshi Lake, which is a typical aquaculture fi eld in Japan 28 . On the contrary, it is also known that some other phytoplankton and marine fungi, such as Dinophyta and Chromista, contain notable levels of DHA more than 3 of TFA Dinoflagellida [34] [35] [36] and Labyrinthulida [37] [38] [39] . The signifi cant levels of DHA in C.
gigas TAG presumably originate from these classes, in particular, mainly supplied by Dinofl agellida and Labyrinthulida. Although C. gigas is a fi lter feeder similar to other bivalves 10 , its lipid profi le suggests that it can mainly fi lter limited types of phytoplankton. The consistently high levels of EPA in its TAG suggest the effect of the lipids of specifi c EPA-rich phytoplankton and small contributions from Dinofl agellata and marine fungi in both countries. However, the small difference in the DHA levels between Japan 6.4-10.8 in Japanese sample TAG and France 4.8-6.4 in French sample TAG suggests variation in dietary lipid contributions; the medium levels of DHA in the Japanese samples No. 5 to 8 indicate a higher contribution of dinofl agellates or labyrinthulid fungi in Northern Japan 40 , compared with low DHA levels of the French samples [16] [17] 41 .
With respect to the microalgal biomass and species variety of phytoplankton in the sea, these phenomena consequently suggest that the diatoms are important for C. gigas as the highest EPA source with significant levels of 18:4n-3 and ARA in both countries 8, 15-17, 28-30, 33, 40-41 . a s n -6 P U FA , p l u s E PA 13.2-17.8 and DHA 18.9-26.8 as n-3 PUFA, with significant amounts of seven other fatty acids such as 14:0 and 17:0 as saturated fatty acids, 16:1n-7, 20:1n-13, and 20:1n-9 as MUFA, 22:3n-6,9,15 as n-6 PUFA, and 22:5n-3 docosapentaenoic acid, n-3 DPA as n-3 PUFA. All the fatty acids previously described were also observed as major fatty acids in TAG. The kinds of major fatty acids of PE are similar to those in C. gigas depot TAG, except for different levels of some fatty acids P 0.05 ; for example, the seven long-chain fatty acids, 20:1n-13, 20:1n-9, 20:1n-7, 22:2n-7,15 Δ7, Δ15 , 22:4n-6, n-6 DPA, and n-3 DPA, have higher levels in PE compared with those in TAG, while lower levels of four shorter chain fatty acids 18:1n-9, 18:1n-7, 18:3n-3, and 18:4n-3 were observed.
Fatty acid composition in phospholipids and
As shown in Table 5 , the kinds of major fatty acids of PC of C. gigas are also similar to those in TAG and PE, except for changes in the levels of some fatty acids; for example, the levels of two fatty acids, 20:1n-7 and n-3 DPA, were also higher in PC, the same as those in PE, while those of 18:3n-3, 18:4n-3, and 20:2n-7,15 Δ5, Δ13 were lower compared with those in TAG. Nine fatty acids were also the Although the same fatty acids were observed in all of the polar tissue lipids, similar to its TAG, higher levels of longchain PUFA were observed as major components both in PE and PC. The comparatively high levels of 20:1n-7, 22:4n-6, n-6 DPA, and n-3 DPA with lower levels of 18:1n-7, 18:3n-3, 18:4n-3, and 20:2n-7,15 Δ5, Δ13 in PE indicate C 2 elongations of 20:1n-7 from 18:1n-7, 22:4n-6 from ARA, and n-3 DPA from EPA in the tissues Figs. 1  and 2 . Similarly, the low levels of 18:4n-3 in PE and PC Fig. 1 . Furthermore, the high levels of the long-chain NMID 22:2n-9,15 Δ7, Δ13 and 22:2n-7,15 Δ7, Δ15 in PE with low 18:1n-9 and 18:1n-7 levels compared with those in TAG indicate that these NMID are probably derived from 18:1n-9 and 18:1n-7 by biosynthetic elongation to 22 carbon chains and the desaturation to NMID using Δ-5 desaturase in the tissues, similar to P. fucata martensii and Calyptogena phaseoliformis Fig. 2 10, 24, 43 . The 22:3n-6,9,15 also suggested the infl uence of a desaturase 42 , similar to other NMID derivatives 14 .
Lower levels of shorter saturated fatty acids, 14:0 and 16:0, in tissue PE also suggest enzymatic elongation of these fatty acids in bivalve tissues. Compared with the fatty acid aspects in depot TAG, those in the tissue phospholipids from the four different areas in Japan and France had the same tendency. All these results indicate similar physiological elongation and desaturation mechanisms in C. gigas tissue levels.
In all samples, the kinds of major fatty acids in both PE and PC were similar to those in TAG; therefore, all lipids of C. gigas were directly infl uenced by the intact fatty acids of dietary lipids, and the fatty acids in the bivalve are considered to be only simply modifi ed. The DHA levels were signifi cantly high in both its PE and PC with slightly higher levels of n-3 DPA, compared with those in TAG. Moreover, the shorter-chain PUFA, such as 18:3n-3 and 18:4n-3, were markedly lower in the phospholipids. Only EPA was maintained at high levels in both depot TAG and the tissue phospholipids. The provision of EPA was likely the result of biosynthesis from shorter n-3 PUFA, as described above 42 and consistently high levels of EPA were observed in all classes. Consequently, the oyster accumulates longchain PUFA, both EPA and DHA, in its tissue phospholipids. Although the fatty acid levels of PE slightly differed from those of PC, the profi le of the kinds of major components of PE were also close to those of PC. At its tissue level, the oyster is probably able to only concentrate on the long-chain PUFA, such as DHA 10, 24 .
3.5 Accumulation of PUFA in lipids of C. gigas Many pelagic fi shes accumulate n-3 PUFA, such as DHA, which may originate from phytoplankton and fungi in the marine grazing food chain 5, 43 . In general, DHA is the dominant PUFA in both PE and PC of most of the higher trophic marine animals, a result of continuous accumulation in the food chain; in particular, almost all of the highly migratory fi shes have high levels of DHA as dominant PUFA 43 . The accumulation of DHA in marine fish species is a natural phenomenon, and high levels of DHA are observed in all of the marine fi shes. In addition, DHA is required by all of the marine fi shes because it is their essential lipid and they are not able to biosynthesize it 44 .
Different from the high levels of DHA in marine fish PC 43 , the DHA content in PC of C. gigas was comparative low 19 and signifi cantly fl uctuated between 13.1 and 22.5 of TFA Tables 4 and 5 , similar to the fatty acids of P. fucata martensii 10 . The highest DHA level 22.5 in PC was observed in sample No. 5, whose TAG also had the highest DHA level 10.8 , while the DHA levels 13.1-15.8 in PC of all French samples in 1 to 4 were not so high, in accordance with the low DHA levels 4.8-6.4 in their TAG. This suggests that the infl uence of the dietary lipid extends to the polar tissue lipids of the bivalve, and that the DHA levels in the tissue PC are infl uenced by spatial and seasonal variations. The difference in n-3 PUFA levels among bivalve species might be mainly caused by their feeding habitat 10, 45 , and fl uctuation of each PUFA was found even in its polar lipids Tables 4 and 5 . In particular, the fl uctuation of DHA levels in the oyster PC suggests the weak role of DHA in its membrane PC and its low requirement. These phenomena suggest that EPA, which had consistently high levels in PC, seemingly compensates for the fluctuation of DHA in all oyster samples. Adult mollusks might not strongly require DHA as the most important essential fatty acid. This speculation is supported by some papers which reported extremely low levels of DHA in some gastropod mollusk tissue lipids [45] [46] [47] , large fl uctuation of DHA levels in the tissue lipids of the pearl oyster 10 , and lack of n-3 PUFA containing DHA in deep-sea bivalve species lipids 48, 49 . In conclusion, we determined that the lipids in C. gigas contained high levels of total PUFA in its tissue and, more specifi cally, that high levels of EPA were found in all major classes, such as TAG, PE, and PC.
